Abstract Within the hour immediately after the 1999 Chi-Chi mainshock, only 40 aftershocks were located by the Taiwan Central Weather Bureau Seismic Network (CWBSN) because of the power outage in more than half of the island and the limited dynamic range of the CWBSN high-gain instruments. Here, by analyzing 20 nearfield, on-scale records from the Taiwan Strong-Motion Instrumentation Program (TSMIP), we determined a catalog of 296 aftershocks with M L Ն3.4 within the first hour after the Chi-Chi mainshock. Focal mechanisms were also determined for 24 of these aftershocks. The frequency-magnitude relation obtained from the 296 aftershocks indicates that the catalog is complete above magnitude M L 4.3. Most of the aftershocks occurred in a small-slip region of the mainshock immediately to the north of the mainshock epicenter. Spatially, the aftershocks appear to migrate downward from the mainshock hypocenter. Later in the hour, the aftershocks began to concentrate in the fringe area of the main rupture. During the first hour, the b-value as defined by events in the 4.3 Ͻ M L Ͻ 6 magnitude range is about 1, the value of the background seismicity, and the frequency of larger events is higher.
Introduction
The Chi-Chi earthquake (M w 7.6 and M L 7.3) struck central Taiwan at 17:47 UTC, 20 September 1999 (1:47 a.m. local time on 21 September). As shown in the map in Figure 1 , the surface break runs along the Chelungpu fault, a roughly 100-km-long north-south trending thrust fault dipping gently to the east with a maximum displacement more than 8 m (Chen et al., 2001) . The hypocenter was located at 23.853Њ N, 120.816Њ E with a depth of 8 km. The focal mechanisms determined by several groups consistently showed a thrust movement with strike, dip, and rake of about 5Њ, 34Њ, and 65Њ, respectively (Chang et al., 2000) .
Seismic networks in Taiwan, including the Central Weather Bureau Seismic Network (CWBSN), the Broadband Array in Taiwan for Seismology (BATS), and the Taiwan Strong-Motion Instrumentation Program network (TSMIP), have provided excellent spatial coverage in the Chi-Chi source region. The TSMIP records have already been used to study the slip history of the mainshock (e.g., Ma et al., 2001; Ji et al., 2003) , and data from the other networks, the CWBSN in particular, were used to determine the spatial distribution and focal mechanisms of aftershocks (e.g., Kao and Chen 2000; Chen et al. 2002; Wu et al., 2004) . As is common with high-gain seismic networks, CWBSN records were clipped for most of the events immediately after the mainshock because of the limited dynamic range of the instruments. In addition, a large-scale electric power failure shut down most seismic stations in northern Taiwan . As a result, only 31 CWBSN stations of a total of 71 ( Fig. 1 ) provided records immediately following the Chi-Chi mainshock, and only 40 aftershocks could be located during the first hour after the occurrence of the mainshock. In contrast, the TSMIP strong-motion stations, used traditionally in engineering studies, successfully recorded on scale both the mainshock and many aftershocks immediately following the mainshock. Although in triggered mode, the TSMIP instruments were turned into continuous recording mode by the incessant M L Ͼ3.5 aftershocks in and around the source region, until the recording media were exhausted at the end of about one hour. Supplemented by the CWBSN data, these TSMIP records provided crucial data for a detailed investigation of the development of aftershock activity immediately following the mainshock. In this study, 20 TSMIP stations ( Fig. 1) around the source region were selected to study the aftershocks within the hour following the Chi-Chi mainshock. We were able to identify and locate 296 events with magnitudes between 3.4 and 7.6. With the TSMIP data the completeness threshold for seismicity (Helmstetter et al., 2005) is lowered significantly in the short period immediately after the mainshock, thus enabling us to trace the initial development and evolution of aftershocks in and around the source region.
TSMIP Records of Chi-Chi Earthquake and Its Aftershocks
The CWBSN consists of a central recording system in Taipei with 71 telemetered stations equipped with threecomponent S13 seismometers. It is the backbone system for Open triangles indicate TSMIP stations without GPS timing system. The surface rupture of the Chelungpu fault and the focal mechanism of the Chi-Chi mainshock are also plotted. ambient seismicity monitoring in and around the island of Taiwan. The seismic signals are digitized using 12 bits A/D at a rate of 100 samples per second. Even if the motion of the mass inside the S13 seismometer does not reach its mechanical stop, the CWBSN's 12-bit system in its high-gain operation mode can easily be saturated for events with magnitudes greater than about 4.0 at stations within 100 km from the epicenter.
On the other hand, the TSMIP stations are equipped with three-component, ‫2ע‬g full-scale force-balance accelerometers (FBA) with a 16-bit or higher resolution recorder and a sampling rate of 200 or 250 samples/sec. Nearly all TSMIP stations have recorded on scale all the large local earthquakes, although they also have a minimum magnitude cutoff. The TSMIP network consists of about 680 stations, out of which data from 20 stations were selected for this study (triangles in Fig. 1 ). The selection criteria for the stations are (1) the instruments are equipped with Global Positioning System (GPS) timing system (16 of the 20 used here), and (2) they provide good spatial coverage of the Chelungpu fault and the rupture zones. For the four stations without GPS systems (TCU137, TCU122, CHY024, and CHY080), we assign the predicted P-wave arrival time, calculated on the basis of a 3D velocity model , to the actual P-wave onset of the mainshock at each station. At these four stations the P-wave onsets of the aftershocks are particularly clear and their inclusion enhances the station coverage. Figure 2 displays the vertical-component strong-motion records for the first hour after the Chi-Chi mainshock at the 20 TSMIP stations along with the seismograms at 9 CWBSN stations close to the Chi-Chi epicenter. Locations of the selected TSMIP and CWBSN stations are shown in Figure 3 . Except at three more distant stations (HSN, ILA, and HEN) the large-amplitude ground motions of the larger aftershocks saturated the high-gain 12-bit CWBSN recording systems within the one-hour time. In contrast, all 20 TSMIP records are on-scale. The clipping in the beginning of the TSMIP waveforms in Figure 2 is due to scaling factor in plotting them to render the later signals of smaller amplitudes visible. The excellent quality of the TSMIP records can also be seen in the magnified view of their waveforms in Figure 4 . Unlike modern broadband instruments the TSMIP recording was triggered and the recorders were designed to hold a little over an hour of continuous data; our investigation of the Chi-Chi aftershocks cannot be extended to include the many larger aftershocks hours and days after the mainshock.
Determining Aftershock Locations and Focal Mechanisms
The hypocenter locations of the aftershocks were determined using both P-and S-wave arrival times taken from the TSMIP strong-motion and the available readings from nine CWBSN records. The 3D earthquake location method of Thurber and Eberhart-Phillips (1999) was used in this study. Theoretical travel times of P and S waves were calculated by raytracing (Thurber, 1993) in the regional 3D velocity model of . combined a large dataset of S-P times from the TSMIP records with the P-and S-wave arrival times from the CWBSN network in imaging the regional 3D P-wave and V p /V s structures in Taiwan. The TSMIP dataset improves the sourcestation path coverage tremendously and provides much better constraints and resolution in velocity structure determination. In their results, after 3D location, the standard deviation of P and S travel-time residuals decreased by about 0.15 sec and 0.1 sec compared to those for the current CWB model, respectively. In particular, the standard deviation of the S-P residuals decreased by about 0.2 sec, a 42% drop.
During the first hour, an average of about five events occurred every minute and so it is not always straightforward to associate the arrivals with a particular event. shows two examples to illustrate our approach to event identification. A two-step procedure has been designed to pick the arrival times of P and S waves and to associate them with an event. For Event 110, for example, the four earliest and closely timed P-wave arrival times were first identified and picked from the vertical-component seismograms (Fig. 4 , left column) at stations TCU079, TCU078, TCU084, and TCU089. These were used to determine a preliminary event location and origin time. This preliminary solution was then used to predict the P-wave arrival times at the other stations as well as S-wave arrival times at all stations using the 3D model of . These predictions provide essential guidance for picking the P-and S-wave arrival times at as many stations as possible. For Event 110, a total of 37 P-and S-arrival times were used to determine its location and origin time. All the strong-motion records at the 20 selected TSMIP and CWBSN stations were analyzed following this procedure. In total, 296 aftershocks were located using the TSMIP records within 1 hour after the Chi-Chi mainshock. The events are listed in Table 1 . For each event, at least six P or S arrivals were used. The root-mean-square (rms) value of the travel-time residuals was estimated to be 0.15 ‫ע‬ 0.08 sec. The uncertainties of the source depths (ERZ) and the epicentral locations (ERH) (Flinn, 1965) were estimated to be 0.5 ‫ע‬ 0.4 km and 0.5 ‫ע‬ 0.5 km, respectively.
In our determination of local magnitude M L , the strongmotion records were first transformed to Wood-Anderson seismograms. For comparison and consistency with the CWBSN catalog, we used the attenuation relation of Shin (1993) in the magnitude calculation, instead of the one recently determined by Wu et al. (2005) .
Using the polarities of the P-wave first motions, focal mechanisms of the aftershocks have also been investigated. As illustrated for Event 110 in Figure 3 , the first-motion polarity observations of both the TSMIP and CWBSN stations were used to maximize the azimuthal coverage of the event. In total, focal mechanisms of 24 aftershocks within 1 hour of the Chi-Chi mainshock were determined and the results are summarized in Table 2 .
Results and Discussion Figure 5a shows the relation of magnitude versus origin time for the aftershocks within the 3.5 hours after the ChiChi mainshock. The 296 events determined in this study Table 1 for event information) during the first hour after the Chi-Chi earthquake and our P and S picks. Plotted are the vertical (left panel) and eastwest (right panel) components of the strong-motion accelerograms from the 20 TSMIP stations between 18:03:40 and 18:04:05, 20 September 1999. The vertical scales are given on top of each component. All the original records are on-scale and clipping for some of the traces results from the plotting scales chosen to display the details of the smaller-amplitude waves. The solid lines running continuously through all the traces indicate the origin times of the two events. The P arrivals are picked from the vertical records, whereas the S arrivals are picked from the horizontal components. For the examples shown here, the red and blue short solid lines on the vertical seismograms indicate the P-wave onset times of Events 110 and 111, respectively, whereas the same lines on the horizontal seismograms indicate the corresponding Swave onset times. For Event 110, the earliest four P-wave arrival times (stations TCU079, TCU078, TCU084, and TCU089) were used to obtain a preliminary location of the event. The location was then used to calculate the arrival times of P waves at the other stations as well as S waves at all stations (red solid lines in the east-west component). These calculated arrival times were used to aid the identification and picking of the onset times of P and S waves. In total we were able to obtain arrival times of 37 phases for the final determination of the hypocentral location of Event 110. Event 111 and all the other events were located in the same way. using the 20 TSMIP stations and those determined by the CWBSN are plotted with open and filled circles, respectively. Within the 33-minute time window between the time of the mainshock (shown as a star) and 18:20 UTC (dashed line), only 14 events were determined by using the CWBSN data, whereas a total of 210 aftershocks were identified and located by our interactive procedure using the TSMIP records. Figure 5b is the Gutenberg-Richter plot of the cumulative number of events N versus M L for the 296 events. Our catalog appears to be complete above M L 4.3. The straight-line portion of the curve (between 4.3 Ͻ M L Ͻ 6.2) yields a "normal" b-value of nearly 1 during the first hour, the value before the Chi-Chi earthquake (Wu and Chiao, 2006) . There are evidently an abnormal number of larger (M L Ͼ6) events. Table 2) . Most of the 296 aftershocks in the first hour have focal depths shallower than 20 km, although a few of them did reach a depth of about 30 km. All aftershocks have local magnitudes above 3.4, with more than 40 of them greater than magnitude 5.0. As shown in Figure 6a -c, all the aftershocks in the first hour can be used to define the Chelungpu fault. Also apparently, right after the mainshock, most of the aftershocks occurred north of the mainshock epicenter at depths ranging from 5 to 15 km, mostly deeper than the mainshock, although several aftershock studies (e.g., Wu et al., 2004) have found that a noticeable number of 4 Ͻ M L Ͻ 5 events occurred to the north of the mainshock epicenter and above the main rupture surface.
During the first hour, it seems that aftershock activities didn't extend to the other structures such as the eastern Central Range (Wu et al., 2004) . However, within 24 hours seismic activities along the surrounding structures were well developed (Fig. 6d) . All of the TSMIP stations used are located around the Chi-Chi earthquake rupture region, and thus the available data cannot resolve the seismicity elsewhere. From the constraints provided by the excellent coverage of our data in the Chi-Chi earthquake source rupture region, one thing is clear, during the first 15 minutes after the Chi-Chi mainshock most of the aftershocks occurred in an east- dipping narrow zone, which may be associated with the ChiChi earthquake rupture zone. Some deeper events were located with focal depths Ͼ20 km and they most likely happened on a high-angle, west-dipping fault (e.g., Hirata et al., 2000; Chen et al., 2002; Lee et al., 2002; Lin and Ando, 2004; Wu et al., 2004) . Also Figure 6c shows that the larger aftershocks tend to occur near the junction of the two conjugate faults (dashed lines in Fig. 6c ) and along the westdipping fault. In Figure 7 , epicenters of the 296 aftershocks determined in this study are plotted together with the mainshock slip distribution of Ma et al. (2001) . Most of the mainshock slip has been concentrated in the areas above the mainshock hypocenter (star), especially in two patches, one to the north and the other right above the hypocenter. As shown in Figure 6 , the earliest aftershocks were mostly located at shallow depths within the small-slip region of the mainshock. Then, more aftershocks occurred at greater depths as the stress continued to be released across regions where there was little slip during the mainshock. The correlation between areas of high slip on a fault and low aftershock activity has been observed by Mendoza and Hartzell (1988) , although definitive confirmation of this correlation has proved difficult because of the lack of reliable aftershock locations (e.g., Wald and Heaton 1994; Cohee and Beroza 1994) . From the ChiChi earthquake sequence, Ma et al. (2001 Ma et al. ( , 2005 revealed that there is a good correlation between slip-distribution and the aftershock locations determined by the CWBSN (mostly occurring after 18:20 on 20 September). The distribution of the 296 aftershocks within the first hour after the Chi-Chi earthquake determined in this study also confirms this proposition.
Conclusion
Although TSMIP was designed to record strong ground motion for hazard mitigation, its capability to record a broad magnitude range of earthquakes on scale allows the determination of detailed source behavior within the first hour of the M W 7.6 Chi-Chi earthquake. Because of the numerous large aftershocks immediately following a big earthquake, it is quite a challenge to pick the arrival times of seismic phases and to associate them with the corresponding events. From our study we conclude that hundreds of 3 Ͻ M L Ͻ 5 events occurred in the crust around the main rupture within the first hour after the Chi-Chi mainshock. The spatial distribution of the aftershocks in the first hour following the Chi-Chi mainshock suggests that there is an expansion of aftershocks away from the high-slip locations. This rather short-term temporal change in aftershock distribution can only be seen from results obtained using near-source strong-motion records. After about one hour, aftershocks become less frequent, and within the day the aftershocks began to concentrate in the fringe area of the main rupture, a pattern after the Chi-Chi earthquake that persisted until 2003. Our result demonstrates that in a seismically active area with a potential for events of magnitude 7 or greater, the deployment of instruments capable of recording both the weak motions of small earthquakes as well as strong motions of the large events is necessary to trace the detailed and complete history of aftershock activity following a strong mainshock. 
